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The purpose of this study was to determine the contribution of diﬀerent types of retinal neurons to the d-wave of the primate
electroretinogram using pharmacological agents. NMDA + TTX was used to suppress inner retinal activity, and APB and PDA
to block the activity of the ON- and OFF-pathways, respectively. Results indicated that the inner retinal neurons had a small
but certain contribution to the d-wave. The initial rapid phase of the d-wave originates from the activity of the cone OFF-pathway
nearly exclusively, and the later slow phase is shaped by the cone photoreceptors. The cone ON-pathway acts in a direction opposite
to that of the other components.
 2005 Elsevier Ltd. All rights reserved.
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The d-wave of the electroretinogram (ERG) is a posi-
tive-going wave which is recorded at the termination of
a light stimulus and is best recorded under photopic
conditions. Whereas the origin of the b-wave, which is
a positive wave at light onset, has been comprehensively
studied (Heynen & van Norren, 1985a, 1985b; Massey,
Redburn, & Crawford, 1983; Miller & Dowling, 1970;
Newman, 1980; Robson & Frishman, 1995; Sieving,
Murayama, & Naarendorp, 1994; Xu & Karwoski,
1994), the d-wave has been studied less extensively.
There is, however, some information on the origin of
the d-wave. In the amphibian retina, there is evidence that
cone photoreceptors are the major contributor to the d-
wave (Yanagida, Koshimizu, Kawasaki, & Yonemura,
1986), although later pharmacological results demon-0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
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make a major contribution to the d-wave (Awatramani,
Wang, & Slaughter, 2001; Stockton & Slaughter, 1989;
Xu & Karwoski, 1995). In the mammalian retina, it has
been long believed that the d-wave is largely produced
by the positive-going wave of the late receptor potential
(Brown, 1968). However, recent pharmacological studies
in monkeys strongly suggest that proximal retinal
neurons also participate in producing the d-wave. Sieving
et al. (1994) demonstrated that the d-wave represented the
activity of theOFF-bipolar cells togetherwith the oﬀset of
the cone photoreceptor response. They also suggested
that the waveform of the d-wave was modulated by the
activity of ON-bipolar cells, because the d-wave was
enhanced after blocking the activity of ON-bipolar cells.
However, itwas not clear how each type of retinal neurons
or pathways contributes to each phase of the d-wave.
Therefore, the purpose of this study was to determine
the contribution of the various types of retinal neurons
to the d-wave of the ERG in primates. To accomplish
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retinal neurons or pathways in monkey, and compared
the ERGs before and after the drugs.Fig. 1. Photopic ERGs of a monkey recorded by two diﬀerent shaped
stimuli. The ERGs in the left column were elicited by 200 ms square
wave ﬂashes, and those in the right column by 1 Hz rapid saw-toothed
stimuli. Responses were recorded over a range of stimulus intensities
(log cd/m2) as indicated on the left.2. Materials and methods
2.1. Animals
Five eyes of ﬁve rhesus monkeys (Macaca mulata)
were studied. The animals were sedated with an intra-
muscular injection of ketamine hydrochloride (7 mg/kg
initial dose; 5–10 mg/kg/h maintenance dose) and xyla-
zine (0.6 mg/kg). The respiration and heart rate were
monitored, and hydration was maintained with slow
subcutaneous infusion of lactated Ringer solution. The
cornea was anesthesized with topical 1% tetracaine,
and the pupils dilated with topical 0.5% tropicamide,
0.5% phenylephrine HCl, and 1% atropine. Experiments
were conducted in accordance with guidelines of the
American NIH regarding the care and use of animal
for experimental procedures.
2.2. Visual stimulus
ERGs were elicited using a densely packed array of
102 green LEDs (525 nm peak wavelength; 50 nm width
at half-amplitude) placed at the top of a Ganzfeld dome
and presented through a diﬀuser. The stimulus was pre-
sented as 200 ms square wave ﬂashes or a 1 Hz saw-
toothed (‘‘rapid oﬀ’’) ﬂicker stimulus to elicit the d-
wave. The LEDs were controlled by a digital function
generator (WF1945, NF Corporation, Tokyo, Japan).
The maximum stimulus intensity measured in the dome
was 2.5 log cd/m2, and the dome also housed a rod-sup-
pressing white background light of 40 cd/m2. The stimu-
lus intensity was attenuated by neutral density ﬁlters
(Wratten, Kodak, Rochester, NY) in 0.2 log unit steps
over a range of 1.4 log units.
2.3. ERG recordings and analysis
Following 10 min of light adaptation to 40 cd/m2,
ERGs were recorded with a Burian-Allen bipolar con-
tact lens electrode (Hansen Ophthalmic Development
Labs, Iowa City, IA). The ground electrode was at-
tached to the ipsilateral ear. Responses were ampliﬁed
and the bandpass ﬁlters were set at 0.3–1000 Hz. The
ERGs were digitized at 4.3 kHz, and a 60 Hz notch ﬁlter
was used to reduce line noise. Twenty to thirty responses
were averaged for each recording (Power Lab, AD
Instruments, Castle Hill, Australia). The amplitude
and implicit time of the d-wave were measured from
the stimulus oﬀset to the peak of the d-wave. The sub-
tracted data were obtained from the original digital data
using Excel (Microsoft Corporation, WA, USA).2.4. Drug application
The drugs and intravitreal injection techniques have
been described in detail (Bush & Sieving, 1994; Hood,
Frishman, Saszik, & Viswanathan, 2002; Kondo & Siev-
ing, 2001; Sieving et al., 1994; Ueno, Kondo, Niwa, Ter-
asaki, & Miyake, 2004). The drugs were injected into the
vitreous with a 30 gauge needle inserted through the
pars plana approximately 4 mm posterior to the limbus.
The drugs (Sigma Chemical, St. Louis, MO and Sankyo,
Tokyo, Japan) were dissolved in sterile saline and
injected in amounts of 0.05–0.07 ml. The intravitreous
concentrations were: 1 mM for L-2-amino-4-phospho-
nobutyric acid (APB); 3–5 mM for cis-2,3-piperidine
dicarboxylic acid (PDA); 4 lM for tetrodotoxin citrate
(TTX); and 4 mM for N-methyl-D-aspartic acid
(NMDA).
Recordings were begun about 60–90 min after the
drug injections, and studies were completed within 5 h.
Although the eﬀects of these drugs are mostly reversible
after a recovery period of several weeks, the results pre-
sented were recorded from eyes not previously treated.3. Results
3.1. Square and saw-toothed stimuli
Two stimulus patterns were used to elicit the d-wave:
ﬁrst was a long duration square stimulus, and the second
was a rapid saw-toothed ﬂicker stimulus (Alexander,
Fishman, Barnes, & Grover, 2001; Barnes, Alexander,
& Fishman, 2002). Both stimuli were presented on a
rod-suppressing background. The waveforms of the d-
wave using these two stimuli for four diﬀerent stimulus
intensities are shown in Fig. 1. A 200 ms duration square
wave ﬂash was used because this stimulus duration is of-
ten used in the clinical setting.
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ing stimulus intensities for both stimulus patterns, and
the waveforms of the d-wave were essentially the same
for the two types of stimuli. We used a 1 Hz saw-toothed
stimulus to record the d-wave because the waveforms
were less noisy, the baseline was more stable even in
anesthetized monkeys, and there are recent evidences
that saw-toothed on and oﬀ stimuli are useful for quan-
titative assessment of the properties of the on and oﬀ
responses in retinal diseases (Alexander et al., 2001;
Barnes et al., 2002). However, it has been reported that
even using saw-toothed on and oﬀ stimuli, it is not pos-
sible to separate the neural activities from ON- and
OFF-pathways completely (Khan et al., 2005).
3.2. Eﬀect of TTX and NMDA
To examine what the inner retinal neurons contribute
to the d-wave, we injected TTX and NMDA into the vit-
reous of two eyes (monkeys 2 and 3). TTX blocks volt-
age-gated sodium channels and blocks the generation of
action potentials by ganglion cells and some types of
amacrine cells (Narahashi, Moore, & Scott, 1964;
Narahashi, 1974; Bloomﬁeld, 1996). NMDA suppresses
synaptic transmission by depolarizing neurons with
NMDA receptors that are located primarily on third-or-
der neurons (Massey & Miller, 1990; Slaughter & Miller,
1983). It is generally believed that the intravitreous
injection of TTX + NMDA can suppress most, if not
all, of the electrical activities from inner retinal neurons
(Hood et al., 2002; Rangaswamy, Hood, & Frishman,
2003; Robson & Frishman, 1995).
The changes in the d-waves after TTX + NMDA are
shown in Fig. 2. In the right column, the ERGs recorded
after the drugs (black lines) are superimposed on the
pre-drug control waveforms (gray lines). After
TTX + NMDA, the amplitude of the d-wave was slight-
ly reduced to 75–90% of control, and the reductions oc-
curred at all stimulus intensities. The implicit time andFig. 2. ERGs to oﬀ stimuli of four diﬀerent intensities before and after intrav
after administration of drugs (black trace) are superimposed on the pre-drug
slow phase of the d-wave after TTX + NMDA.initial slope of the d-wave did not change. The oscillato-
ry components riding on the descending limb of the
d-wave were also reduced after TTX + NMDA. The lat-
er slow phase of the d-wave was larger (arrowhead) after
TTX + NMDA. These results indicate that the activity
of both spiking and non-spiking inner retinal neurons
contribute to the d-wave (Viswanathan, Frishman,
Robson, Harwerth, & Smith, 1999, 2002).
3.3. Eﬀect of blocking ON-pathway by APB
We injected APB into the vitreous of two eyes (mon-
key 1 and 4). APB is a glutamate analog that blocks
transmission from the photoreceptors to the ON-bipolar
cells, and thus eliminates the neural activities of the ON-
pathway, i.e., the ON-bipolar cells and inner retinal neu-
rons driven by ON-bipolar cells (Slaughter & Miller,
1981). In the upper middle column of Fig. 3, the wave-
forms after APB (black traces) are superimposed on
the pre-drug control waveforms (gray traces). After
blocking the ON-pathway activity by APB, the ampli-
tude of the d-wave increased as reported (Evers & Gou-
ras, 1986; Sieving et al., 1994). The increase in the
d-wave was about 200% in both animals, and this degree
of enhancement was nearly the same for all stimulus
intensities (Fig. 3, lower traces).
The slope of the initial positive-going phase of the
d-wave did not change after APB, and the initial wave-
forms overlapped completely. We also noted that the
oscillatory components, which were recorded on the
peak of the control d-wave were replaced by two large
positive peaks after APB.
The component removed by APB was isolated by
subtracting the post-APB responses from the control
responses (Fig. 4, left half). The component removed
by APB had two negative peaks, and the amplitudes in-
creased with increasing stimulus intensities. The ampli-
tude of this component was as large as that of pre-
drug d-waves. These results indicated clearly that theitreal injection of TTX + NMDA to the same eyes. The ERGs recorded
control ERGs (gray trace). Arrowhead shows an increase of the later
Fig. 4. Subtracted ON-pathway components (removed by APB) and subtracted OFF-pathway components (removed by PDA) at four diﬀerent
stimulus intensities. ON-pathway component was obtained by subtracting the post-APB records from the pre-drug control records. OFF-pathway
component was obtained by subtracting the post-APB + PDA records from the post-APB records. Results from the two eyes (monkey 1 and 4) are
shown. Subtracted responses (black trace) are superimposed on the pre-drug control ERGs (gray trace). Arrowhead points to the slope of initial
rapid portion of OFF-pathway component (removed by PDA) and is consistent to that of control d-wave.
Fig. 3. Eﬀect of APB and PDA on the d-waves. Top traces: photopic oﬀ responses elicited by four stimulus intensities before and after APB and
APB + PDA treatment. ERGs recorded after administration of drugs (black trace) are superimposed on the pre-drug control ERGs (gray trace).
Bottom traces: intensity–response curves of the peak amplitudes of the d-wave before and after drug application of two monkeys (monkey 1 and 4)
(j control, • after APB,  after APB + PDA).
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siderably to the d-wave.
3.4. Injection of APB and PDA to isolate the cone
photoreceptor
We next examined what the activity of the cone
OFF-pathway (OFF-bipolar cells and inner retinalneurons driven by OFF-bipolar cells) contributed to
the d-wave. PDA is a glutamate analog that blocks
transmission to the OFF-bipolar and horizontal cells
to inner retinal neurons (Sieving et al., 1994; Slaughter
& Miller, 1983). We injected PDA after APB in the
same two eyes (monkey 1 and 4). This also allowed
us to see how the cone photoreceptors contributed to
the d-wave.
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right trace of Fig. 3. The waveforms after APB + PDA
(black traces) are superimposed on the pre-drug control
waveforms (gray traces). After the addition of PDA, the
positive d-wave became smaller and smoother than after
APB only, but still remained as large as the control d-
waves. The implicit time of the d-wave was delayed by
14–25 ms compared to that of controls, and the slope
of the rising phase of the d-wave became less steep.
These results also indicated that the cone photoreceptors
contributed to the later, slow phase of the d-wave rather
than the initial rapid phase.
We also isolated the component removed by PDA
by subtracting the post-(APB + PDA) responses from
the post-APB responses (right half of Fig. 4). The
component removed by PDA had two positive peaks,
and the slope of the initial rapid portion was similar
to that of control d-wave (arrowhead). These results
indicated that the initial rapid phase of the d-wave
originate mainly from the neural activity of the OFF-
pathway. We also noted that the waveform of the
component removed by PDA resembled the inverted
image of the component removed by APB. Interesting-
ly, the amplitudes of the component removed by PDA
were nearly the same as the component removed by
APB (Fig. 4).
3.5. Eﬀect of PDA alone
Finally, we wanted to see how the d-wave is altered
after application of PDA alone (Fig. 5). The positive
d-wave of the ERGs was replaced by a smooth negative
wave after PDA alone as reported (Sieving et al., 1994).
Subtraction of the before and after waveforms showed
that the component removed by PDA was a large posi-
tive deﬂection whose amplitude was larger than that of
control d-waves.Fig. 5. ERG responses to oﬀ stimuli of four diﬀerent intensities before
and after injection of PDA alone in the same eye and the removed
component by PDA. ERGs recorded after administration of drugs
(black trace) and (black trace) removed component by PDA are
superimposed on the pre-drug control ERGs (gray trace).4. Discussion
Our results clearly demonstrated that the origin of the
d-wave of primate photopic ERG is very complex, and
the activities from several types of retinal neurons/path-
ways participated in the shaping the d-wave. We found
that not only the cone photoreceptors, but also post-
receptoral components of the ON- and OFF-pathways
and the inner retinal neurons aﬀected by TTX and
NMDA, contributed to the d-wave.
Our results indicated that although the cone photore-
ceptors are one of the major sources of the d-wave
(Brown, 1968), their contribution is mainly in the later
phases. As shown in Fig. 3, a large positive component
still remained even after blocking the post-receptoral
components of the ON- and OFF-pathways by APB
and PDA, and its amplitude was as large as that of
the control d-wave. However, the slope of the rising
edge of the d-wave became less steep, and the implicit
time was delayed after APB + PDA. These results sug-
gested that the neurons other than the cone photorecep-
tors participated in the initial rapid phase of the d-wave.
Our results demonstrated that the initial rapid phase
of the d-wave is nearly exclusively shaped by the activity
of cone OFF-pathway. As shown in Fig. 4, the compo-
nent removed by PDA had a steep positive component,
whose slope completely overlapped that of the control
d-wave. In addition, after suppressing the activity of
the OFF-pathway by PDA alone, the positive d-wave
was no longer seen, and only a slow, negative deﬂection
remained (Fig. 5). These results suggest that the cone
OFF-pathway, presumably cone OFF-bipolar cells, con-
tributed to the initial rapid phase of the d-wave nearly
exclusively.
We also conﬁrmed the earlier hypothesis that the
d-wave can be inﬂuenced by cone ON-pathway activity,
and its contribution was opposite to the activity from
OFF-pathway (Evers & Gouras, 1986; Khan et al.,
2005; Sieving et al., 1994). As shown in Fig. 4, the
waveforms of the component removed by PDA
resembled the inverted images of the component
removed by APB, and the amplitudes of the component
removed by APB were nearly the same as the compo-
nent removed by PDA.
We have summarized the contribution of the
photoreceptors (waveform after APB + PDA), ON-
pathway (component removed by APB), and OFF-
pathway (component removed by PDA), based on
the results from monkey 1 in Fig. 6. Higher ampliﬁca-
tion of the beginning part of ERG is also shown in the
lower trace. The waveform of the ON-pathway compo-
nent (blue) was close to an inverted image of the OFF-
pathway component (red), and these two components
seemed to cancel each other. However, the rising edge
of the OFF-pathway component starts 2–3 ms earlier
than the descending edge of the ON-pathway
Fig. 6. The photoreceptoral component (after APB + PDA, green),
the ON-pathway component (removed by APB, blue) and OFF-
pathway component (removed by PDA, red) of the ERG d-wave to 2.5
log cd/m2 oﬀ stimulus of monkey 1. High magniﬁcation of the
beginning part of ERG is shown in the lower trace.
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positive part of d-wave. The contribution of the cone
photoreceptors (green) to the d-wave was mainly at
the later phase.
We also noted that inner retinal neurons, both spik-
ing and non-spiking aﬀected by TTX + NMDA, con-
tributed to the d-wave, even though their contribution
were not so large. After TTX + NMDA, the amplitude
of the d-wave was reduced to 75–90% of the control
d-wave. Other studies also showed a reduction of the
d-wave amplitude after TTX in monkey (Viswanathan
et al., 1999, Viswanathan, Frishman, & Robson, 2002).
The oscillatory components were also aﬀected after
TTX + NMDA. One interesting ﬁnding was that after
TTX + NMDA, the later part of the d-wave became
larger (Fig. 2). This suggests that the inner retinal neu-
rons aﬀected by TTX + NMDA also contributed to
the slow, negative component of the primate d-wave.
This component is probably the photopic negative re-
sponse (Viswanathan et al., 1999).
In conclusion, our results indicated that: (1) the initial
rapid phase of the d-wave originates from the activity of
the cone OFF-pathway; (2) cone photoreceptors
contribute to the later slow phase of the d-wave; (3)
the d-wave is also aﬀected by the activity of the cone
ON-pathway in opposite polarity; and (4) there is a
small, but signiﬁcant, contribution from inner retinal
neurons to the d-wave.Acknowledgments
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